Light propagation in two-layered turbid media that have an infinitely thick second layer is investigated with time-resolved reflectance. We used a solution of the diffusion equation for this geometry to show that it is possible to derive the absorption and the reduced scattering coefficients of both layers if the relative reflectance is measured in the time domain at two distances and if the thickness of the first layer is known. Solutions of the diffusion equation for semi-infinite and homogeneous turbid media are also applied to fit the reflectance from the two-layered turbid media in the time and the frequency domains. It is found that the absorption coefficient of the second layer can be more precisely derived for matched than for mismatched boundary conditions. In the frequency domain, its determination is further improved if phase and modulation data are used instead of phase and steady-state reflectance data. Measurements of the time-resolved reflectance were performed on solid two-layered tissue phantoms that confirmed the theoretical results.
Introduction
Many diagnostic and therapeutic applications of light in medicine require information about the scattering and the absorption properties of tissues. In determining these quantities, it is usually assumed that the investigated tissue is homogeneous. In many applications, however, this assumption is not valid. It is thus necessary to interpret results obtained from homogeneous models carefully or to improve the theoretical models. 1 Because of the layered structure of many parts of the body, the investigation of a layered tissue model is especially promising. Potential applications of a layered model are, for example, optical noninvasive glucose monitoring, 2 near-infrared spectroscopy to measure the hemoglobin content or the hemoglobin saturation in the brain or in muscles of the extremities, [3] [4] [5] or noninvasive determination of photosensitizer uptake in tissue. 6 Solutions for a semi-infinite and homogeneous turbid medium can be readily found in the steady-state, frequency, and time domains [7] [8] [9] by use of the diffusion approximation to the transport equation. 10 Layered turbid media have been investigated with different mathematical approaches. Several researchers have derived solutions of the diffusion equation for this geometry. [11] [12] [13] A random-walk model for the calculation of the photon migration in layered media has also been developed. 14, 15 Monte Carlo simulations were applied to solve the more exact transport equation for layered media, 16, 17 but determining the optical coefficients with this approach is time consuming if used in a nonlinear regression algorithm. 18 We recently solved the diffusion equation by using the Fourier-transform approach for a two-layered turbid medium that has a semi-infinite second layer. 19 Unlike Dayan et al., 13 who introduced approximations to obtain relatively simple expressions for the reflectance, we avoided any approximation by calculating the reflectance by using numerical integration. Moreover, the zero boundary condition was replaced by the more accurate extrapolated boundary condition. It was found that these results are close to those obtained from Monte Carlo simulations in the steady-state, frequency, and time domains. We also showed that it is possible to derive the absorption and the reduced scattering coefficients of both layers from steady-state-domain and frequency-domain reflectance if the thickness of the first layer is known. In the frequency domain, for example, it was found that performing relative measurements of the phase and the steady-state reflectance at three distances from the illumination point was sufficient to obtain useful estimates of the optical properties.
In this study we investigate the possibility of deriving the optical properties of the two layers from reflectance measurements in the time domain by fitting the solutions of the two-layered diffusion equation to results obtained from this solution or from two-layered Monte Carlo simulations and to experimental data. Solutions of the diffusion equation for a semi-infinite and homogeneous medium in the time and the frequency domains were also used to fit the theoretical and the experimental two-layered reflectance data in order to investigate the conditions under which these solutions can be applied to obtain the optical coefficients of the second layer. Timedomain measurements were performed on twolayered solid tissue phantoms, with a mode-locked Nd:YLF laser as source and a streak camera as detector. We concentrated on determining the absorption coefficient of the second layer, because this quantity is especially relevant in several applications such as the determination of the hemodynamics in the brain or in muscles. In order to be able to compare the theoretical and the experimental results, we chose the optical properties of the two-layered turbid media in the theoretical investigations in accordance with those determined from the measurements on the tissue phantoms.
Theory

A. Diffusion Equation
In this section we present solutions of the diffusion equation for two-layered ͑Subsection 2.A.1͒ and for homogeneous, semi-infinite turbid media ͑Subsection 2.A.2͒ in the frequency and the time domains that are used in Sections 4 and 5 for the determination of the optical properties of two-layered turbid media. The origin of the coordinate system is the point where the beam enters the turbid medium. The z coordinate has the same direction as the incident beam. The x and the y coordinates lie on the surface of the turbid sample and ϭ ͑x 2 ϩ y 2 ͒ 1͞2 . It is assumed that an infinitely thin beam is incident upon the turbid medium and that the beam is scattered isotropically at a depth of z ϭ z 0 ϭ 1͑͞Ј s ϩ a ͒, where Ј s and a are the reduced scattering and the absorption coefficients, respectively, of the turbid medium ͑first layer of the two-layered medium͒. For all solutions the extrapolated boundary condition is used. 8 
Two-Layered Media
Recently we solved the diffusion equation for twolayered turbid media that have a first-layer thickness l and an infinitely thick second layer by using the Fourier-transform approach. 19 In order to obtain the time-domain reflectance, we first derived the solutions in the frequency domain. It was assumed that the refractive indices n of the first and the second layer were the same ͑n 1 ϭ n 2 ͒ and that the source was sinusoidally modulated at frequency f ϭ ͑͞2͒. For the fluence rate in layer i, ⌽ i ͑, z, ͒ we obtained 19
where J 0 is the zeroth-order Bessel function and 1 ͑z, , s͒ is given by where we assumed that l Ͼ z 0 , and for 2 ͑z͒ we got
D i ϭ 1͞3͑ ai ϩ Ј si ͒ is the diffusion coefficient; ͑Re-cently it was found 20 -22 that it is more exact to use D i ϭ 1͞3Ј si . However, this is not relevant in this study because Ј si Ͼ Ͼ ai .͒; Ј si and ai are the reduced scattering and the absorption coefficients of layer i, respectively; and ␣ i 2 ϭ ͑D i s 2 ϩ ai ϩ j͞c͒͞D i . The velocity of light in the medium is c and j ϭ ͌ Ϫ1. The extrapolated boundary is located at z ϭ Ϫz b , where
R eff represents the fraction of photons that are internally diffusely reflected at the boundary. R eff equals 0.493 for a refractive index of n o ϭ 1 outside and of n i ϭ 1.4 inside the turbid medium. 8 According to the experimental situation, the matched boundary condition ͑n o ϭ n i ͒ is mainly used in this paper, where we have R eff ϭ 0. The integration in Eq. ͑1͒ is performed numerically by application of Gauss's formula. The frequency-
domain reflectance R͑, ͒ is calculated as the integral of the radiance over the backward hemisphere 8 : (6) where R fres ͑Ј͒ is the Fresnel reflection coefficient for a photon with an incidence angle Ј relative to the normal to the boundary. For n i ϭ 1.4 and n o ϭ 1, Eq. ͑6͒ gives 9 
R͑,
and for the matched boundary condition we get
The phase angle between the source and the detected signal and the modulation M is given by
The steady-state reflectance R͑͒ is calculated with Eq. ͑8͒ ͓Eq. ͑7͔͒:
The time-domain reflectance R͑, t͒ is obtained by calculation of the real and the imaginary parts of the reflectance in the frequency domain R͑, ͒ at many frequencies and by fast Fourier transforms of these data. 19 
Semi-Infinite and Homogeneous Media
The fluence rate for semi-infinite and homogeneous turbid media in the frequency domain is 8
where k ϭ ͓͑ a c ϩ i͒͞Dc͔ 1͞2 . We calculate the reflectance by inserting Eq. ͑12͒ into Eq. ͑7͒ or Eq. ͑8͒ and the phase, modulation, and steady-state reflectance are obtained with Eqs. ͑9͒, ͑10͒, and ͑11͒, respectively.
The time-domain fluence rate is given by 7 ⌽͑, z, t͒ ϭ c ͑4Dct͒ 3͞2 exp͑Ϫ a ct͒
ͬͮ . (13) We calculate the time-domain reflectance by inserting Eq. ͑13͒ into Eq. ͑7͒ or Eq. ͑8͒ ͑where has to be replaced by t͒.
B. Monte Carlo Simulations
In Section 4 the solutions of the diffusion equation are fitted to reflectance data obtained from Monte Carlo simulations. The Monte Carlo method of photon transport in turbid media has been thoroughly described in literature. 23 The essential features of our code are listed below. For illumination of the twolayered tissue, a pencil beam was used. The HenyeyGreenstein 24 phase function, which has an anisotropy factor g of 0.8, was used for calculation of the scattering angle. A refractive index of 1.4 was applied to both layers and to the surrounding medium ͑matched boundary condition͒. The Monte Carlo simulations were performed in the time domain. The fast Fourier transform was used to obtain the steady-state reflectance, the phase, and the modulation. R͑, t͒, for different absorption coefficients in the second layer, was obtained from one simulation by the scoring of the lengths of the photon paths in the second layer and application of Beer's law. 25, 26 C. Nonlinear Regression A combination of the gradient search method and the method of linearizing the fitting function 27 was implemented for the nonlinear regression. The logarithm of the reflectance was fitted for the investigations in the time domain. The time range for the nonlinear regression of R͑, t͒ was chosen as follows: the start time was variable and the end time was R max ͞1000, where R max is the maximum value of the reflectance curve. The end time was reduced if the Monte Carlo simulations or the experiments showed large statistical noise in this time range. Relative phase values ͑the phase difference determined at adjacent distances͒ and relative steady-state reflectance or modulation values ͑the ratio determined at adjacent distances͒ were used for the investigations in the frequency domain. For all data points, equal weights were applied in the fitting procedure.
Materials and Methods
In Section 5 the solutions of the diffusion equation are used to fit experimental results obtained from measurements on solid phantoms in the time domain. 70-ps-pulses at a wavelength of ϭ 528 nm, generated from a mode-locked and frequency-doubled Nd:YLF laser ͑Antares 76-YLF, Coherent, Palo Alto, Calif.͒, were incident upon the surface of the phantoms by an optical fiber with a 600-m core diameter. The same type of fiber collected the scattered light at distances between ϭ 14 and 25 mm from the source. A black cylindrical probe was manufactured and placed onto the phantom. Holes were drilled into the probe to hold the detection and the source fibers in contact with the surface of the phantom and at a precise distance from each other. The black probe also served as a photon sink. The detector was a streak camera ͑C4334, Hamamatsu, Hamamatsu City, Japan͒ with a maximum temporal resolution of 15 ps, coupled to a spectrograph. The detector part was described in detail in Ref. 28 . It can be used in the analog mode and in the photon-counting mode.
The analog mode of the streak camera was applied for the experiments presented here because it is faster, and, furthermore, both modes were found to be equally accurate in determining the optical coefficients from experiments.
To determine the optical properties in the time domain with nonlinear regressions, we considered the duration of the incident laser pulse by convolving the measured laser pulse with the theoretical solutions for the time-resolved reflectance ͑which were derived for a delta pulse͒. For this purpose, the laser pulse was measured with the streak camera before each experiment on the phantoms. We did this by replacing the phantom with a black sheet of aluminium that was positioned several centimeters below the fibers and by measuring the reflected pulse. We were able to determine the time when the pulse left the source fiber by knowledge of the distance between the fibers and the sheet. The zero time of the reflectance measurements on the phantoms could thus be obtained from these measurements. This procedure requires a stable laser source with a small jitter.
The time-resolved reflectance measurements were made on two-layered solid tissue phantoms. 19, 29 The basic medium was two-component transparent silicone, which cures at room temperature. Before the base and the catalyst were mixed, the scattering and the absorbing particles were added. Polystyrene spheres with a 2.5-m diameter and graphite powder were used as scattering and absorbing material. Two two-layered phantoms were manufactured, one consisting of a 2-mm-thick first layer ͑phantom 1͒ and the other of a 6-mm-thick first layer ͑phantom 2͒. The first layer of phantom 1 ͑phantom 2͒ was made from the same material as that of the second layer of phantom 2 ͑phantom 1͒. Thus measurements on the side of the second layer of the two phantoms allowed us to derive the optical properties of the layers separately. The solution of the diffusion equation for a semi-infinite medium could be applied in these measurements, because the first layer does not influence the light propagation. The lateral dimensions of the smaller phantom were 9 cm ϫ 9 cm and the height was 6 cm, which eliminated any influence from the lateral boundaries. Below we considered mainly the phantom with a thickness of 6 mm because it is more difficult to obtain the optical properties of the second layer when the first-layer thickness is great.
The black probe that served as a holding device for the fibers was made of polyoxymethylene, which has a refractive index of n o ϭ 1.48. The refractive index of the tissue phantoms is close to n i ϭ 1.4. 29, 30 The fraction of photons that are internally reflected is low for this boundary condition ͑R eff ϭ 0.010͒ because of the absence of total internal reflection. For the measurements, the matched boundary condition is assumed ͑the polyoxymethylene probe stuck to the phantoms so that no air layer was formed between them͒, because it was found that this approximation causes errors of less than 1% in determining the optical properties.
Determination of the Optical Properties from Nonlinear Regression to Solutions of the Diffusion Equation or to Monte Carlo Simulations
In this section we present the optical properties obtained from nonlinear regressions of the solution of the diffusion equation for a two-layered turbid medium and of the semi-infinite and homogeneous solutions to results calculated with the two-layered diffusion equation or with two-layered Monte Carlo simulations. Unless otherwise stated, the matched boundary condition was used. For the investigated two-layered turbid media, the reduced scattering coefficients of the first and the second layers and the absorption coefficient of the first layer were chosen according to those of phantom 2. The absorption coefficient of the second layer was varied to simulate measurements of the hemodynamics, for example, in the brain or in muscles.
To demonstrate the influence of the two layers on the time-resolved reflectance, Fig. 1 shows R͑, t͒ from a two-layered medium ͓R t ͑, t͒, solid curve͔ and the reflectance from two semi-infinite and homogeneous turbid media that have the same optical properties as the first layer ͓R 1 ͑, t͒, short-dashed curve͔ and the second layer ͓R 2 ͑, t͒, long-dashed curve͒ of the two-layered turbid medium. These curves were calculated with the corresponding solutions of the diffusion equation presented in Subsection 2.A. ͑For the optical coefficients and the thickness of the first layer we used the values of phantom 2.͒ For comparison the Monte Carlo simulation for the twolayered medium ͑open circles͒ is also shown. It can be seen that R t ͑, t͒ is almost identical to R 1 ͑, t͒ until t Ϸ 250 ps, indicating that the photons propagated predominantly in the first layer. For longer times, R t ͑, t͒ is located between R 1 ͑, t͒ and R 2 ͑, t͒. Finally, R t ͑, t͒ approaches a similar slope as R 2 ͑, t͒. This means that these late-arriving photons propagated mostly in the second layer. Therefore it is possible, in several cases, to determine the absorption coefficient of the second layer by using a semi-infinite and homogeneous model. 16 The reflectance calculated with the Monte Carlo method is close to R t ͑, t͒ for times greater than t Ϸ 200 ps. For earlier times the differences are caused by the failure of the diffusion approximation.
A. Nonlinear Regressions by Use of Solutions of the Two-Layered Diffusion Equation
In this subsection we investigate what information can be obtained from measurements of the reflectance from a two-layered medium in the time domain if no approximations in the theoretical model are made. For this purpose, we used the solution of the twolayered diffusion equation in the time domain presented in Subsection 2.A.1 for nonlinear regression to data that were calculated with the same solution. It was assumed that the time-resolved reflectance was measured at two distances from the source.
We first examined the possibility of determining the absorption and the reduced scattering coefficients of the two layers and the thickness of the first layer. For this purpose absolute time-resolved reflectance data at two distances were used. It was found that these five parameters can, in principle, be determined, but the convergence of the nonlinear regression is slow and, in addition, the start parameters must be close to the real ones. We note that similar results were obtained from investigations in the steady-state and the frequency domains. 19, 31 Thus we assume below that the thickness of the first layer is known.
Next we investigated the possibility of deriving the optical coefficients with relative time-resolved reflectance measurements at two distances. This means that six parameters, the absorption and the reduced scattering coefficients of the two layers and a multiplicative constant for the time-resolved reflectance at each distance, were fitted. It was found by nonlinear regressions to data calculated with the diffusion equation that these optical parameters can be correctly obtained and that the convergence is faster than in the case in which the first layer thickness is also fitted.
For examining more realistic situations, the timedomain solution of the two-layered diffusion equation was used to fit reflectance data at two distances obtained from the more exact two-layered Monte Carlo simulations. Thus the influence of the diffusion approximation and that of statistical noise arising from the Monte Carlo simulations could be investigated. The number of photons used in the Monte Carlo simulations was chosen so that the statistical noise of the time-domain reflectance was comparable with the experimental noise of the measurements with the streak camera. Reflectance data that begin at R͑, t͒ ϭ 9͞10R max ͑before the maximum reflectance value R max ͒ were used for the nonlinear regressions. Measurements of the relative time-resolved reflectance were assumed, i.e., six parameters were fitted. Figure 2 shows the absorption coefficients of the second layer ͑* a2 ͒ obtained from the nonlinear regressions. Time-resolved reflectance curves at ϭ 14.5 and 19.5 mm were used. The correct values of a2 are also depicted in the figure. Figure 2 shows that it is possible to determine the absorption coefficients of the second layer with errors of less than a few percent. The differences between the derived and the correct values are caused mainly by the uncertainties in the Monte Carlo simulations. The other optical coefficients ͑not shown͒ have greater errors, especially the absorption coefficient of the first layer, which shows differences of up to 20%. This is caused by the relatively small contribution of a1 to the shape of the time-domain reflectance curve.
B. Nonlinear Regressions by Use of Solutions of the Homogeneous and Semi-Infinite Diffusion Equation
In this subsection the homogeneous and semi-infinite solutions presented in Subsection 2.A.2 are used to fit two-layered reflectance data calculated with the so- In the time domain, a , Ј s , and a multiplicative constant were fitted. Figure 3 shows the absorption coefficients obtained from nonlinear regression of Eq. ͑8͒ ͓Eq. ͑13͔͒ at one distance to two-layered reflectance data. Results from nonlinear regressions at three distances, ϭ 14.5, 19.5, and 24.5 mm, are shown. The absorption coefficient obtained from the semi-infinite model equals that of the second layer from the two-layered model for a2 ϭ 0.01 mm
Ϫ1
. For larger a2 , the derived absorption coefficients are smaller than a2 because the number of remitted photons that have been in the second layer decreases when the absorption of the second layer is increased. This behavior has already been reported by Hielscher et al. 16 Figure 3 shows that * a is closer to a2 if the distance between the source and the detector is increased, because of the increase in the penetration depth of the remitted photons.
In the frequency domain, several methods exist to determine the optical coefficients of turbid media. For example, it is possible to use any combination of at least two quantities of the phase, the modulation, and the steady-state reflectance at one modulation frequency. In addition, the phase or the modulation at different modulation frequencies can also be used. 32 In general, all methods result in different optical properties when applied to two-layered media.
In order to examine some of these methods quantitatively, we fitted the solutions of the homogeneous and semi-infinite diffusion equation in the frequency domain to reflectance data calculated with the twolayered diffusion equation. A modulation frequency of 195 MHz was used for these investigations. Figure 4 shows the absorption coefficients obtained for the same turbid two-layered media that were described in Fig. 3 . The phase difference and the steady-state reflectance ratio ͑filled circles͒ as well as the phase difference and the modulation ratio ͑open circles͒ between ϭ 14.5 mm and ϭ 24.5 mm were used in the nonlinear regression. Relative values of the phase, modulation, and steady-state reflectance at two distances were applied because the determination of the optical coefficients from absolute quantities at one distance is not always unique. 33 Figure  4 shows that the absorption coefficients obtained from the two methods are considerably different. Whereas * a determined from the phase difference and the steady-state reflectance ratio is much lower than a2 , the absorption coefficients derived from the phase difference and the modulation ratio have errors of less than 15%. Comparing Fig. 3 with Fig. 4 , we can see that the absorption coefficients obtained from the time-domain investigations are between those that have been obtained in the frequency domain. Similar investigations of two-layered media that have other optical properties and thicknesses of the first layer have been performed. In general, the same behavior as described above was observed for all investigated media. Figure 4 also shows * a derived from the same turbid media by use of modulation and phase data, but now the mismatched boundary condition is used ͑n o ϭ 1.0, n i ϭ 1.4͒ ͑crosses͒. When the results are compared with the corresponding matched data , and a2 is varied between a2 ϭ 0.01 mm Ϫ1 and a2 ϭ 0.04 mm
. The thickness of the first layer is l ϭ 6 mm. The line indicates a2 . Results for time-resolved reflectance data at distances ϭ 14.5 ͑open circles͒, ϭ 19.5 ͑filled circles͒, and ϭ 24.5 mm ͑crosses͒ are shown. , and a2 is varied between a2 ϭ 0.01 mm Ϫ1 and a2 ϭ 0.04 mm
. The thickness of the first layer is l ϭ 6 mm. The line indicates a2 . Results from nonlinear regression by phase and steady-state reflectance ͑filled circles͒ and phase and modulation data ͑open circles͒ are depicted. The matched boundary condition is used ͑n o ϭ n i ϭ 1.4͒. Also shown are * a determined from the same twolayered media by use of modulation and phase data, but the mismatched boundary condition ͑n o ϭ 1.0, n i ϭ 1.4͒ is applied ͑crosses͒. Relative data between ϭ 14.5 and 24.5 mm are used in the nonlinear regression.
͑open circles͒, it can be stated that * a is closer to a2 for the matched than for the mismatched boundary condition if a2 is large. This effect was also observed for all investigated turbid media. For this behavior to be explained, it has to be taken into consideration that the penetration depth of the photons is greater for the matched than for the mismatched boundary condition. For demonstrating this effect, the mean optical path length in layer i͓͗L i ͔͑͒͘ was calculated versus for a two-layered medium. ͗L i ͑͒͘ can be obtained from the modified Beer's law 34 :
where R͑͒ is calculated with Eq. ͑11͒, with Eq. ͑7͒ for the mismatched and Eq. ͑8͒ for the matched boundary condition. The results for a two-layered medium that has the same optical properties as those of phantom 2 can be seen in Fig. 5 . Matched ͑n o ϭ n i ϭ 1.4, dashed curves͒ and mismatched ͑n o ϭ 1.0, n i ϭ 1.4, solid curves͒ boundary conditions were applied. Figure 5 shows that, for all distances, the mean optical path length of the first layer is greater for the mismatched boundary condition than it is for the matched boundary condition, whereas it is vice versa for ͗L 2 ͑͒͘. The apparent smaller penetration depth for the mismatched boundary condition is caused by the total reflection of the photons that approach the boundary from inside the turbid medium. The reduced scattering coefficients obtained from the nonlinear regressions that are presented in Fig. 4 for the matched boundary condition are depicted in Fig. 6 . It can be seen that, in contrast to the determination of the absorption coefficients, the reduced scattering coefficients, obtained from the nonlinear regression of the phase and steady-state reflectance ͑solid circles͒, are closer to the values of the second layer ͑Ј s2 ͒ compared with the coefficients obtained from the phase and modulation data ͑open circles͒. The reduced scattering coefficients obtained from the investigation in the time domain at ϭ 19.5 mm presented in Fig. 3 are also depicted in Fig. 6 . Here, the reduced scattering coefficients are even larger than Ј s1 except for a2 ϭ 0.01 mm
. It is obvious that the determination of the absorption coefficient of the second layer by use of homogeneous and semi-infinite models becomes problematic when the thickness of the first layer is increased. Figure 7 shows the absorption coefficients derived from the same turbid media as those used for Fig. 4 , but the thickness of the first layer is increased to 10 mm. Phase difference and steady-state reflectance ratio ͑solid circles͒ and phase difference and modulation ratio ͑open circles͒ are used in the nonlinear regression. As expected, the obtained absorption coefficients are smaller than those presented in Fig. 4 ͑with the exception of a2 ϭ 0.01 mm Ϫ1 ͒, but * a , determined from phase and modulation data, are still closer to a2 than * a , determined from phase and steady-state reflectance data. Similar to those in Fig. 4 , the * a determined with the matched boundary condition are closer to a2 than those obtained with the mismatched boundary condition.
Determination of the Optical Properties from Nonlinear Regressions to Time-Resolved Measurements on Phantoms
Time-resolved reflectance measurements were carried out on the side of the two-layered phantoms to derive their optical coefficients. Figure 8 shows time-resolved reflectance measurements on the side of phantom 1 at three distances equal to 14, 18, and 20 mm ͑solid curves͒. As explained in Section 3, the semi-infinite model can be used for these measure- . The thickness of the first layer is l ϭ 6 mm. ments. Thus Eq. ͑8͒, with Eq. ͑13͒, was applied to determine the optical coefficients from R͑, t͒ at one distance. The parameter of the Gaussian curve was determined by nonlinear regression to the measured pulse profile. Time-resolved measurements were made at several distances. For each measurement the optical coefficients were determined. In addition, for each measurement, a and Ј s were determined for different start values of the timeresolved reflectance curve. The absorption and the reduced scattering coefficients and a multiplicative factor were fitted. For the second layer of phantom 1 we obtained Ј s ϭ 1.28 Ϯ 0.10 mm Ϫ1 and a ϭ 0.0074 Ϯ 0.0005 mm
Ϫ1
. Figure 8 shows the theoretical time-resolved reflectance calculated with these optical parameters ͑dashed curves͒. The experimental data were normalized to the maximum value of the theoretical curves. The theoretical curves are close to the experiments, except in the earlier times, when the experiments show higher values than those of the theory. These differences are caused by the scattering of photoelectrons in the streak camera. The optical properties of the second layer of phantom 2 were determined in the same manner. We obtained Ј s ϭ 0.67 Ϯ 0.07 mm Ϫ1 and a ϭ 0.019 Ϯ 0.001 mm
. Figure 9 shows measurements of the time-resolved reflectance on the top of phantom 2 ͑two-layered geometry͒ at three distances equal to 15, 20, and 25 mm. For comparison, theoretical curves are also shown in Fig. 9 . They were calculated with the solution of the diffusion equation for two-layered media by use of the optical coefficients that had been determined from the measurements on the side of the phantoms. The experimental curves were normalized to the maximum of the theoretical curves. The zero times of the experimental curves were obtained by measurement of the pulse before each experiment on the phantoms, as described in Section 3. To determine the optical coefficients of the two-layered media, we used the solution of the diffusion equation for two layers to perform nonlinear regressions to the experimental data shown in Fig. 9 . Time-resolved measurements at two distances ͑15 and 20, 15 and 25, or 20 and 25 mm͒ were used. In addition, we varied the fitting range by changing the start times of R͑, t͒ in the nonlinear regression. Six parameters, the absorption and the reduced scattering coefficients of both layers and a multiplicative constant for each time-resolved reflectance curve, were fitted. We found that Ј s1 and a2 could be determined within 10% of the values derived from the measurements on the semi-infinite media, whereas the errors in determining Ј s2 and a1 were considerably greater. In addition, the derived Ј s2 and a1 depended on the start parameters of the nonlinear regression. This behavior is not surprising, considering the results of the nonlinear regressions to Monte Carlo data discussed in Subsection 4.A.
We note that the optical coefficients of phantom 1 were derived in the same way as those of phantom 2. From the nonlinear regressions to the measurements on the two-layer medium ͑with the two-layer model͒ Ј s1 , Ј s2 , and a2 could be determined within 10% of the values obtained from the measurements on the semi-infinite media. However, no reasonable value was derived for the absorption coefficient of the first layer, as this parameter has a relatively small influence on the time-resolved reflectance curve.
As in Subsection 4.B, the semi-infinite equations in the time and the frequency domains were also used to derive the optical properties from the measurements on phantom 2. Table 1 summarizes the optical coefficients obtained from the nonlinear regression of Eq. ͑8͒ with Eq. ͑13͒ to the experiments performed at equal to 15, 20, and 25 mm. The results obtained from fitting these equations to reflectance data, calculated with the two-layered solution of the diffusion equation, are shown for comparison. The optical coefficients, derived from the experimental data, are close to those obtained from the theoretical data.
Finally, we compared the optical coefficients derived with the semi-infinite and the homogeneous solutions in the frequency domain. The timedomain reflectance measurements at equal to 15, 20, and 25 mm were Fourier transformed, and phase, modulation, and steady-state reflectance data were obtained. As in Subsection 4.B we fitted the phase difference and the modulation ratio and the phase difference and the steady-state reflectance ratio between two distances ͑15͞20 mm, 15͞25 mm, or 20͞25 mm͒ at f ϭ 195 MHz. We note that it is not necessary to deconvolve the time-domain reflectance measurements with the laser pulse because the phase difference between different distances is calculated and therefore the effect of the deconvolution cancels out. The mean optical absorption coefficient, derived from nonlinear regressions to phase and modulation data ͑phase and steady-state reflectance͒ at the different combinations of distances, was found to be a ϭ 0.022 Ϯ 0.002 mm Ϫ1 ͑ a ϭ 0.014 Ϯ 0.002 mm Ϫ1 ͒. The corresponding value from nonlinear regressions to frequency-domain reflectance calculated with the two-layered diffusion equation is a ϭ 0.021 Ϯ 0.001 mm Ϫ1 ͑ a ϭ 0.014 Ϯ 0.001 mm Ϫ1 ͒ and thus within the standard deviation of the experimental data.
Discussion
The solution of the diffusion equation for a twolayered turbid medium has been used to investigate the determination of the optical properties from timeresolved reflectance at two distances from the source. It was found that the absorption and the reduced scattering coefficients of both layers and the thickness of the first layer can, in principle, be derived if absolute measurements of R͑͒ are made at two distances from the source. However, similar to the results obtained in the steady-state and the frequency domains, 19 the convergence of the nonlinear regressions was slow and the start parameters of the fit had to be close to the true optical coefficients.
Thus we concentrated on the determination of the absorption and the reduced scattering coefficients, knowing the thickness of the first layer. We showed that, by fitting the solution of the diffusion equation for two-layered media to Monte Carlo simulations, it is possible to obtain the four optical parameters from relative ͑a multiplicative constant was fitted for each distance͒ time-resolved reflectance measurements at two distances. The optical coefficients were determined with errors of less than a few percent for optical properties that are typical of biological tissue.
Measurements of the time-resolved reflectance were performed on turbid two-layered phantoms. First we derived the optical properties of the phantom layers by measuring the relative reflectance from a semi-infinite geometry at one distance. The reduced scattering and absorption coefficients could be found with differences of Ϸ10% and less than 10%, respectively, as judged through the comparison of experiments at different distances. For the twolayered geometry we could show that the measured R͑, t͒ was close to the theoretical reflectance, calculated with the optical properties determined from the measurements in the semi-infinite geometry. We fitted the solution of the diffusion equation for twolayered turbid media to the experimental reflectance measured at two distances and determined a2 and Ј s1 with errors of less than 10%, whereas the errors in deriving the other optical properties were greater. This is caused by systematic errors in the measurements that influence mainly the optical properties, which do not strongly determine the shape of the reflectance curve. However, a2 , which is important for many applications, could be accurately derived. We can improve the results by measuring R͑, t͒ at more distances 35 and by measuring the absolute R͑, t͒. Absolute reflectance can, for example, be obtained from additional measurements of R͑, t͒ from phantoms with known optical coefficients. These improvements might be necessary for the investigation of biological tissue, because it does not consist of homogeneous layers with flat borders. In the literature, mostly semi-infinite and homogeneous models are used to derive the optical properties of tissue. We investigated the obtained optical coefficients when semi-infinite and homogeneous models in the frequency and the time domains are applied to reflectance from two-layered turbid media. We found, experimentally and theoretically, that the different methods for the determination of a and Ј s from semi-infinite models in the time and frequency domains show considerable differences in these quantities. For large a2 and l it is possible to derive the absorption coefficient of the second layer more precisely from phase and modulation than from phase and steady-state reflectance, whereas the absorption coefficients obtained from the time-domain reflectance are between these values. In general, this behavior can easily be used to check as to whether the investigated turbid medium is homogeneous; this being the case, the derived optical properties would be the same.
The determination of the optical coefficients of twolayered turbid media with semi-infinite models was also investigated for different refractive indices of the turbid medium and the surrounding medium. For large a2 and l it was shown that the absorption coefficient of the second layer can be obtained more precisely for the matched than for the mismatched boundary condition. This can be explained by the greater penetration depth of the light remitted at a certain distance from the source, if the matched boundary condition is applied. Another possibility of increasing the penetration depth of photons is to measure at greater distances from the source, but the influence on the determination of a2 is relatively small. For example, the improvement in determining a2 by increasing from 15 to 35 mm ͑data not shown͒ is smaller than that obtained by changing n o from 1.0 to 1.4 ͑n i ϭ 1.4͒ for phantom 2. Whereas the refractive index of the surrounding medium can easily be changed, the increase of the distance between the source and the detection results in a decrease of the measured signal and of the spatial resolution.
The time-resolved measurements were performed with a mode-locked Nd:YLF laser. Before each experiment on the phantoms, the pulse of the laser was measured in order to derive the pulse duration and the calibration of the time when the photons are incident upon the phantoms. This procedure is demanding on the stability of the laser pulses. We recommend measuring the pulse and the reflectance from the phantom simultaneously, in the same experiment, in order to be less dependent on the stability of the laser output.
The optical properties of the phantoms used in this study were recently measured with absolute steadystate spatially resolved reflectance. 19 The optical coefficients for phantom 2 measured at ϭ 543 nm were Ј s1 ϭ 1.05 mm . ͓This wavelength is close to the one used for the time-domain measurements in this study ͑ ϭ 528 nm͒. Thus no significant differences are expected because of the different wavelengths because the reduced scattering coefficient of polystyrene and the absorption coefficient of graphite are smooth functions of the wavelength in this range.͔ The comparison of these values with those obtained in the time domain revealed that the reduced scattering coefficients are smaller and the absorption coefficients are greater by ϳ20%-30%. This effect can be explained by delayed scattering. Yaroslavsky et al. 36 derived that the product a ͑ a ϩ Ј s ͒ is constant for the optical coefficients obtained with measurements in both the steady-state and the time domains. ͑For a semi-infinite geometry the condition Ͼ Ͼ z b , z 0 must be fulfilled.͒ Remarkably, this is true for our measurements with errors smaller than 1% for both layers.
